Abstract
INTRODUCTION
The primary aim of emergency surgery in acute Stanford type A aortic dissection is to save the patient's life by replacing the ascending aorta to prevent aortic rupture, correcting the aortic valve insufficiency and directing the blood flow into the aortic true lumen to prevent malperfusion [1, 2] . In approximately 70% of patients, dissection extends beyond the ascending aorta and involves the aortic arch [3, 4] . Total aortic arch replacement is indicated by the presence of an entry tear within the aortic arch or arch aneurysm [1, 2] . In all other patients, the decision whether to replace the arch is based on institutional experience or the preferences of the surgeon [5, 6] . The diameter and length of the aorta increase with patient's age [7] . A chronically dissected aorta is more vulnerable to continuous pulsatile blood pressure and shows an accelerated growth rate of 1-7 mm/year [8, 9] . Subsequently, late distal aortic reinterventions following proximal surgery for type A dissection are not uncommon with reported frequencies up to 15% [3, 9, 10] .
The aim of this study was to evaluate the consequence of not replacing the dissected aortic arch and the proximal descending aorta after surgical repair of an acute type A dissection.
MATERIALS AND METHODS

Study population
The aortic dissection database at the Heart Center, University of Freiburg, Germany, was reviewed to identify patients who had undergone electrocardiogram-gated computed tomography (CT) angiography (CTA) of the thoracic aorta directly after surgery for type A aortic dissection extending at least into the aortic arch. Patients who died perioperatively, patients who underwent total aortic arch replacement or additional antegrade thoracic endovascular aortic repair at the initial surgery, patients with an intramural haematoma and patients whose predischarge CT scans were of inadequate image quality such as non-contrast CT or >3-mm slices were excluded from the study (Fig. 1 ).
Image analysis
One observer, who was blinded to patient-identifying data, performed the image analysis using the Aquarius iNtuition (Terarecon, Inc., Foster City, CA, USA). A centreline was created from the level of the aortic valve annulus to the plane 10 cm distal to the left subclavian artery. Cross-sectional area and maximal and minimal diameters calculated from a semi-automated polygonal border tracing were obtained by contour tracking of the whole aorta and the true lumen in the following planes perpendicular to the centreline: immediately distal to the (i) innominate artery (IA), (ii) left carotid artery, (iii) left subclavian artery (LSCA), (iv) 20 mm distal to the LSCA, (v) 40 mm distal to the LSCA and (vi) 100 mm distal to the LSCA. The average diameter was calculated according to the cross-sectional aortic surface with reference to the outer surface of the aortic wall. The ellipticity index (EI) was calculated as the maximal diameter divided by the minimal diameter. Circularity was defined as an EI < _ 1.1.
The length and tortuosity were assessed in the following aortic segments bordered by (i) the distal graft-aorta anastomosis and the LSCA, (ii) the LSCA and the plane 4 cm distal to the LSCA and (iii) the LSCA and the plane 10 cm distal to the LSCA. Aortic arch tortuosity was calculated as the ratio of the incremental curve length running along the aortic wall to the linear distance between its two end-points, as assessed by an electronic caliper.
False lumen thrombosis was reported according to CTA as total thrombosis (no contrast in the false lumen), partial thrombosis (with both contrast and thrombosed areas) and no thrombosis when both the true and the false lumina had similar contrast densities. All tears of the dissection flap were considered as communications between the true and false lumina.
Aortic growth was calculated according to the diameters assessed on the predischarge and the most recent follow-up CTAs. No aortic growth was defined as growth <0.5 mm/year, moderate aortic growth as 0.5-2.0 mm/year and accelerated aortic growth as >2 mm/year.
Statistical analysis
Continuous data are reported as median (first quartile, third quartile), whereas categorical variables are reported as counts and percentages. Predischarge CT measurements were compared with the last follow-up CT measurements. Student's t-test was applied to compare continuous variables when normal distribution was present as tested by the Kolmogorov-Smirnov test. The Mann-Whitney rank-sum test was used for variables that were not normally distributed. Continuous paired variables (measurements obtained from predischarge and follow-up CT scans from the same patients) were compared using the paired t-test or the Wilcoxon signed-rank test, respectively. Categorical variables were compared using the v 2 test. Fisher's exact test was used for small group sizes (n < 5).
Analysis of variance of a linear mixed model was performed with a random intercept (subject = patient). The continuous response variable (diameter difference to baseline) was modelled as a linear function of time (in years); entry at the distal anastomosis (0 and 1), baseline aortic diameter <35 and > _35 mm and the time-group interactions were modelled as explanatory variables. We performed linear mixed-model subgroup analyses for entry at a distal anastomosis (0 and 1), baseline aortic diameter <35 and > _35 mm. Analysis of variance of a linear mixed model was performed with the statistical software R version 3.3; all other statistical calculations were done using SigmaPlot 12 (Systat Software, San Jose, CA, USA).
RESULTS
Of the 271 consecutive patients operated between 2001 and 2015 for aortic dissection involving the ascending aorta, 155 had dissection extending at least into the aortic arch. The patient selection process is shown in Fig. 1 . Overall, the study population comprised 86 patients (22 women and 64 men; Table 1 ) ranging from 29 to 83 years who underwent replacement of the ascending aorta or the ascending aorta and the lesser aortic arch curvature, defined as hemiarch replacement. In 100% and 76% of the included patients, the descending thoracic and abdominal aorta were dissected, respectively. Clinical details are summarized in Table 1 . More clinical details of this cohort, including perfusion strategy, survival and freedom from distal reoperations, were published previously [10] . In addition to the predischarge CTA scans, further follow-up electrocardiogram-gated CTA was performed in 54 patients. The median CTA follow-up was 31 (15-52) months.
Aortic dimensions after surgical repair of type A dissection
On the predischarge CT scans, on average, the largest areaderived diameters of the dissected thoracic aortas were observed at the IA (36.5 mm) (first quartile 34.3, third quartile 40.2 mm; Fig.  2 ). The diameter of the true lumen decreased from the proximal to the distal segments: from 76% to 54% of the total diameter at the IA and 100 mm distal to the LSCA, respectively (Fig. 2) . In all the patients studied, the aorta was circular (EI < _ 1.1) at each plane of measurement when both the true and false lumina were included. In contrast, the true lumen on its own was found to be elliptical in all patients, with the median EI ranging from 1.3 in the proximal segment to 1.8 in the distal segments (Supplementary Material, Table S1 ). The lengths of the aortic segments are given in Supplementary Material, Tables S2 and S3 .
Communications between lumina
Overall, at least 1 communication between the true and false lumina was observed in 69 (80%) patients on the predischarge CTA scans. Sixty (70%) patients had communications at the distal aorta-graft anastomosis (Fig. 3) . At least 1 communication was identified in the supra-aortic arteries in 43 (50%) patients. On the follow-up CTA scans obtained for 54 patients, new communications (not observed on the predischarge CTA) were noticed, predominantly in the proximal descending aorta (n = 12, 22%), at the lesser curvature (n = 6, 11%) and at the distal aorta-graft anastomosis (n = 5, 9%). Ten communications, seen at the distal aorta-graft anastomosis on the predischarge CTA scans, were not visible on the follow-up CTA (Fig. 4) scans. In 9 (11%) patients, predischarge CTA scans did not reveal any communication within the aortic arch or supra-aortic vessels.
Aortic geometry changes at follow-up
The largest increase in total aortic diameter was noticed 2 cm distal to the LSCA (+4.0 mm) (first quartile +1.5, third quartile +9.2 mm; P = 0.004; Table 2 ), reaching an average growth rate of 1.5 mm/year (first quartile 0.6, third quartile 3.9 mm). No moderate or accelerated aortic growth was observed in this aortic segment in 13, 18 and 23 patients, respectively. No significant total diameter change was observed at the left carotid artery (P = 0.396) and at the LSCA (P = 0.186). The diameter of the true lumen increased proximally at the level of the IA but did not increase in the distal segments. A tendency towards an increase in the true lumen ellipticity (+0.3) (first quartile -0.4, third quartile +0.9; P = 0.054) and a decrease in the total aortic ellipticity (-0.01) (first quartile -0.05, third quartile 0.01; P = 0.009) 40 mm distal to the LSCA were observed.
At follow-up, 4 patients developed a thoracic aortic aneurysm with a 50-to 55-mm diameter, and 2 other patients developed a thoracic aortic aneurysm >55 mm, measured 20 mm distal to the LSCA. Thoracic aortic reoperations distal to the ascending graft were performed in 16 (36%) patients: 7 due to an aneurysm or Influence on aortic growth of communications between lumina, aortic diameter and false lumen perfusion
The aortic growth rate measured 20 mm distal to the LSCA was influenced by (i) the number of communications between lumina in the aortic arch, (ii) communication at the distal anastomosis and (iii) false lumen perfusion (Table 3 ). The median number of communications in the aortic arch in patients with a rapidly increasing aortic size (>2 mm/year) was 2 (vs 0 in the 'no aortic growth' group, P < 0.001). Almost all (96%) patients with 'accelerated aortic growth' had communications between lumina at the distal anastomosis (vs 31% 'no aortic growth' patients, P < 0.001). Total false lumen thrombosis was not observed in patients from the 'accelerated aortic growth' group and in 67% of the patients from the 'no aortic growth' group (P < 0.001). The total aortic diameter, true lumen diameter and ellipticity did not differ between groups with different aortic growth rates.
Interactions between entry at the distal anastomosis and the aortic growth rate did not reach a level of significance (P = 0.296; Fig. 5A and B) in the linear mixed model. Similarly, there was no significant interaction (P = 0.095) between the predischarge aortic diameter measured 2 cm distal to the LSCA and the aortic growth rate (Fig. 5C and D) . Survival according to communications at the distal anastomosis (Supplementary Material, Fig. S1 ) and baseline aortic diameter (Supplementary Material, Fig. S2 ) did not reveal significant differences between subgroups.
DISCUSSION
The majority of patients with an acute type A aortic dissection undergo isolated ascending replacement or hemiarch replacement [3, 10] . Because acute type A dissections mostly occur in non-dilated aortas [11, 12] , a clear majority of dissected aortic arches are not aneurysmatic and are replaced only if further entries can be identified between the IA and the LSCA.
The findings of the present study can be summarized as follows:
i. A clear majority of the patients have at least 1 communication between the lumina in the aortic arch or supra-aortic arteries. ii. The diameter of the true lumen in the dissected aortic arch is larger in the proximal and smaller in the distal arch segment, decreasing to 50% of the total aortic diameter. iii. The diameter of the true lumen increases at follow-up proximally at the level of the IA. It does not increase in other, more distal segments. iv. The fastest increase in the total aortic diameter is observed 2 and 4 cm distal to the LSCA reaching an average of + 1.5 mm/ year. v. The number of communications between the lumina in the aortic arch, communication at the distal anastomosis and false lumen perfusion increase the risk of aneurysmal dilatation of the dissected arch.
Anatomy of the dissected aortic arch
The dissected aortic arch has false and true lumina as well as multiple communications between them. The number of communications in the aortic arch identified on predischarge CTA scans is immense. Taking into consideration the fact that 36% of the patients have communications in the aortic arch at the greater or lesser curvature, there is a need for more careful assessment of intraoperative communications, which indicates the need for total aortic arch replacement [1, 2] . The identification of communications in the aortic arch may be challenging for anatomical reasons, especially when they are small or located distally at the lesser curvature. One of the ways to improve the visualization of the dissected aorta is angioscopy, which can be useful for the assessment of distal aortic disease and may aid during the implant of a hybrid stent graft prosthesis [13] . In our study, there were a large number of communications at the distal anastomosis (70%). We used Teflon felt strips outside the aorta and placed the graft inside the true lumen. The distal anastomosis can be performed using different methods, i.e. by applying a Teflon felt strip between the dissection layers [3] or by performing adventitial inversion into the true lumen [14] . The adventitial inversion technique has been reported in a study of 90 DeBakey type I dissection patients. This method facilitated thrombotic closure of the false lumen [15] . 
Challenging dissected arch anatomy and endovascular approach
There are currently 2 methods for the endovascular treatment of the aortic arch. The first includes the application of a doublebranched covered stent graft requiring carotid-subclavian bypass on the left side [16] . In the second method, one uses a stent graft with a proximal covered segment dedicated for the ascending aorta, a middle, uncovered segment for the aortic arch and a distal covered segment for the proximal descending aorta. Our results suggest that there are 2 major anatomical limitations for endovascular treatment of the dissected aortic arch. The true lumen of the dissected aortic arch does not grow simultaneously as the total aortic diameter increases. Whenever the total aortic diameter The average diameter is an area-derived diameter. Values are presented as medians (first quartile, third quartile). P-values are calculated according to predischarge and follow-up measurements. exceeds 5.5 cm, the diameter of the true lumen, which remains small, does not provide enough space for a double-branched stent graft with 2 tunnels for the supra-aortic vessels. A doublebranched stent graft might lead to a significant reduction of the lumen of the dissected aortic arch, decreasing the flow to the descending aorta, causing lower body hypoperfusion and cerebral hyperperfusion. A significant number of communications, especially in the aortic arch (36%) and supra-aortic arteries (50%), is a major limitation for the use of a stent graft with an uncovered portion for the dissected aortic arch. The uncovered stent cannot close the communications in the arch or in the supra-aortic arteries and cannot stop the blood flow into the false lumen.
Natural history of dissected aortic arch
Our study confirmed that a chronically dissected aorta grows faster than a non-dissected healthy aorta [8, 17] . Interestingly, the highest aortic growth rate was not observed in the aortic arch but immediately distal to the LSCA. Persistent false lumen perfusion is a known risk factor for continuous growth of a dissected aorta after the operation for type A dissection [9, 18] . Hence, our observation may be explained by the fact that the cumulative number of communications between lumina is larger in more distal aortic segments. Therefore, false lumen perfusion in the distal aortic segments is usually more extensive. On the other hand, the aortic arch is stabilized proximally by the distal anastomosis and cranially by anatomical barriers, namely the supraaortic arteries. It may be the reason why it does not grow as fast as the proximal descending aorta. Furthermore, Zhang et al., in a computational fluid dynamic analysis, proved that the pressure difference between the true and the false lumina is higher in the distal segments of the aorta than in the proximal ones [19] . A high interluminal pressure gradient may be responsible for further dilatation of the dissected aorta [20] . Therefore, from the biomechanical point of view, the descending aorta should be more prone to dilatation than the aortic arch. We found a positive correlation between the number of the communications in the aortic arch and the rate of growth of the dissected aorta. This finding underlines the need for careful evaluation of communications at the initial operation and more extensive aortic arch repair to reduce the risk of a reoperation distal to the graft in a short time. Close CT follow-up of these patients is mandatory.
Study limitations
The communications observed on the predischarge CT scans may have occurred between the operation and when the CT scans were performed. Therefore, the number of communications observed in our study may be larger than at the time of the operation. Furthermore, it is well known that CTA does not allow one to identify all communications; however, no other more sensitive non-invasive method is currently available. Of the 132 patients with dissection extending at least into the aortic arch who survived the operation, 86 (65%) were included in the study. Furthermore, CT follow-up was not obtained for all patients. Some patients did not come for the yearly examination because of long distance of our clinic from their residence, their poor condition or their death during the follow-up period. These factors enhance the risk of selection bias. Therefore, our conclusions should be extrapolated with caution to the overall cohort.
CONCLUSIONS
Residual dissection of the aortic arch after surgical repair for type A dissection leads to aortic growth that may result in an arch aneurysm and the need for further operation(s). The number of communications in the aortic arch as well the perfusion of the false lumen increases the growth rate of the aortic arch. Endovascular repair of the dissected aortic arch can be limited by the small true lumen of the arch and the multiple communications between the lumina.
SUPPLEMENTARY MATERIAL
Supplementary material is available at EJCTS online.
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